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NTera 2 Cells: A Human Cell Line Which 
Displays Characteristics Expected of a Human 
Committed Neuronal Progenitor Cell 

University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 

We have identified a human cell line with a phenotype Key words: stem ceils, neurofilament proteins , mi- 

r^mbung mZttrt CNS neuronal precnrsor cells, crotnbnle associated proteins, nestm, retmo,c acid 

NTera 2/cl.Dl (NT2/D1) cells expressed nestin and 

vimentin, intermediate filament (IF) proteins ex- 

pressed in neuroepithelial precursor cells, as well as INTRODUCTION 

MAPlb, a microtubule-associated P"*^^ ^ mammalia n central ner vous system (CNS) is 
pressed in human neuroepithehum. NT2/D1 ceUs also culmination of a highly orchestrated, but poorly un- 
expressed the cell adhesion molecules NCAM and whereby >10 12 neuronal and nonneu- 
N-cadherin which are thought to be important m cell- P ^ ^ assemble in a timely man- 
cell interactions within the neuroepithehum. These £ multicellular netw0 rks. Although many 
NT2/D1 cells also expressed A s ^^P" n ^™^! aspects of this formidable developmental process have 
a-internexin, NF-M, and MAP2c, indicating that ^ ducidat ^ me cellular ^ mo iecular bases of CNS 
they are committed to a neuronal fate. Previous stud- m stiU largely unknown (see reviews by 
ies have shown that, following RA ^ toen j' a P™" McCo nnell, 1991; McKay, 1989; Rakic, 1988; Temple, 
portion of NT2/D1 cells terniinaUy differentiate uito neurons ma croglial cells are known to 
neurons and that this occurs via an asymmetric stem ^ sma ll (relative to the total number 
cell mode of differentiation In JS* CNS neurons and gUa) population of multipo- 
tion of the neuroepithelial phenotype of NT2/D1 ceUs precursors located in the embryonic neuroepithe- 
we decided to examine y the relations^ ^ ^ ^ ^ ^ ^ neural tube. These 
of in vitro neurogenesis m NT2/D1 cells, during ka ^ ceUs undergo a number of stem cell divisions 
treatment to that of neurons to vivo. Three days after v cel i ^ migrates and 
RA treatment, islands of cells showed in- ™ £, retains its stem cell char- 
creased expression of neurofilament P™f™ ™«™- acteristics within the neuroepitheUum (Lajtha 1983; 
- creased phosphorylation of NF-M. By 10-14 days, purine neurogenesis, numerous distinct 
these cells began to resemble neurons morphologi- » >• J "born" at specific times 
cally, i.e., with rounded cell bodies and proc = Lembly of these cells into organized 
These neuronal cells were clustered into clumps ^ ^ ^ ^ extrinsic mechan i sm s that 
which rested on top of a layer of progenitor cells. In organization of the CNS remain largely un- 
this upper layer, the neurons began to express S^era s 

MAP2b and tau and extinguished their expression of ^ ^ rf ^ CNS ^ ^ prod uced by 

nestin. Recently, we developed a meth^ for obtain- neuroectodermal progenitor cells indicate that 

tog pure cultures of neurons from ^ exhibit considerable regional heterogeneity (e.g., 

cells. The phenotype of tiiese postmitotic ^urons is 199Q ^ Walsh ^ Cepko> 

clearly dissociated from that of the untreated NT2/D1 compare 
cells. Given the data obtained in this study and the 
characterization of the neurons derived from NT2/D1 

cells, we propose that NT2/D1 cells are a committed Received January 1 1 , 1993; revised March 16, 1993; accepted March 

human neuronal precursor cell line which retains n, 1993. 

some stem cell characteristics and is capable only of Address reprint to Virginia M.-Y. Lee, Room A009, Mat 
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1992). However, it is common for a single neuroecto- 
dermal precursor to generate several different types of 
neurons and glia (reviewed most recently in McConnell, 
1991). Consistent with earlier anatomic data (Rakic, 
1988), these cell lineage studies have shown that pro- 
genitor cells produce differentiated progeny at stereotyp- 
ical times (Gray and Sanes, 1991). For example, neurons 
in the deeper cortical layers are bora first followed by 
successively more superficial cortical neurons. Thus, 
while the progeny of a given precursor may consist of 
cells committed to different phenotypes, the individual m 
daughter cells of multipotential precursor cells may be' 
limited to phenotypes which are appropriate for that de- 
velopmental time period. For example, the well studied 
02A glial progenitor cell, which is found in the optic 
nerve and brain at specific time points in embryogenesis, 
is committed to become either astrocytes or oligodendro- 
cytes yet is derived from the multipotential neuroepithe- 
lium (Raff, 1989). Heterochronic grafting experiments 
have shown that this process is regulated in part by ex- 
ternal stimuli which affect either the precursor itself or 
direct the progeny of these precursors to assume a spe- 
cific phenotype (McConnell, 1991). The progeny of pre- 
cursor cells that become CNS neurons commit to this 
phenotype as they exit the cell cycle and begin to migrate 
away from the ventricular zone (McConnell and Ka- 
znowski, 1991). These results imply that, while neurons 
and glia derive from multipotential precursor cells, they 
may progress through different stages in which their po- 
tential is more limited by environmental or intrinsic fac- 
tors. 

In the peripheral nervous system (PNS) there is 
strong evidence for the existence of stable precursor cells 
with restricted phenotypic repertoires. Recent lineage 
studies showed that individual neural crest cells are mul- 
tipotent, capable of giving rise to any of the differenti- 
ated derivatives of the neural crest (Bronner-Fraser and 
Fraser, 1988). Neural crest-derived cells may proliferate 
further following migration, but they and their progeny 
are usually committed to a limited subset of phenotypes. 
This phenomenon is exemplified best by sympathoadre- 
nal precursor cells which are capable of giving rise to 
sympathetic neurons, adrenal chromaffin cells and SBF 
cells (Doupe et al., 1985a,b; Anderson and Axel, 1986). 
Studies of these cells have been facilitated by the devel- 
opment of simple techniques for purifying multipotential 
neural crest cells and sympathoadrenal precursor cells for 
in vitro analyses. Indeed, it is possible to immortalize 
representatives of these precursor cell populations to 
generate multipotential cell lines and cell lines of re- 
stricted phenotype (Birren and Anderson, 1990; Lo et 
al., 1991; Murphy et al., 1991). Likewise, multipotential 
CNS neuroepithelial cells can be grown in culture (Cat- 
taneo and McKay, 1990; Drago et al., 1991a,b; Gens- 



burger et al. , 1987; Murphy et al. , 1990; Williams et al., 
1991 and reviewed in Cattaneo and McKay, 1991; Rey- 
nolds and Weiss, 1992), and they have been subjected to 
limited analysis using either microculture (Temple, 
1989; Reynolds and Weiss, 1992) or cell marking tech- 
niques (Cattaneo and McKay, 1990; Williams et al., 
1991) which demonstrate that some of these cells gener- 
ate only neuronal or glial progeny while others produce 
both. Despite these findings, immortalization of cultured 
neuroepithelial precursor cells has only yielded bipoten- 
tial cell lines thafcgive riss to neurons and glia (Bartlettet 
al., 1988; Fredericksen et al., 1988; Renfranz et al., 
1991; Ryder et al., 1990; Snyder et al., 1992). 

The availability of a cell line that is committed to 
differentiate into CNS neurons in response to a specific 
stimulus would enable detailed studies of the molecular 
basis of the complex process whereby cells acquire the 
phenotype of CNS neurons. NTera 2/clone Dl (NT2/D1) 
cells, a human teratocarcinoma-derived cell line, is a 
candidate for such studies since retinoic acid (RA) has 
been shown to induce these cells to terminally differen- 
tiate into postmitotic neurons (Pleasure et al., 1992). 
These neurons (referred to as NT2-N cells) closely re- 
semble human CNS fetal neurons in that they express 
many cytoskeletal polypeptides, cell-surface antigens, 
and synaptic proteins typical of CNS neurons and they do 
not express any markers restricted to PNS neurons (Plea- 
sure et al., 1992). When NT2/D1 cells are injected into 
nude mice the tumors contain differentiated neurons and 
a large component of residual cells which resemble the 
untreated cell line in culture (Andrews et al., 1984). 
Also, when treated with RA in culture, NT2/D1 cells 
produce differentiated neurons but retain a complement 
of "undifferentiated" cells that proliferate and resemble 
the untreated cells (Andrews, 1984; Lee and Andrews, 
1986). Thus it seems that NT2/D1 cells are capable of 
going through a stem cell mode of division yielding 
daughter cells which retain their original phenotype and 
some cells which go on to terminally differentiate into 
neurons. These characteristics allow NT2/D1 cells to be 
classified as a stem cell line (Lajtha, 1983). In contrast to 
other teratocarcinoma cell lines which yield multiple cell 
types from multiple germ cell layers (Darmon et al., 
1982; Jones- Villeneuve et al., 1982; Kuff and Fewell, 
1980; Lang et al., 1989; McBurney, 1976; Paulin et al., 
1982; Pfeifer et al., 1981; Strickland et al., 1980), 
NT2/D1 cells cannot be induced to yield derivatives 
other than neurons (Andrews et al., 1984; Andrews, 
1983; Lee and Andrews, 1986). This unique feature of 
NT2/D1 cells led us to investigate whether the untreated 
NT2/D1 cells share any characteristics with neuroepithe- 
lial precursor cells. The results of these studies showed 
that untreated NT2/D1 cells have many molecular fea- 
tures of human neuroepithelial precursor cells but they 
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P-NF-M (Fig. ID and Fig. 3B) as monitored at die 
mRNA level (for NF-L and NF-M) in northern blots and 
at the protein level (for all three) in western blots. These 
data differ from several earlier negative indirect immu- 
nofluorescence and immunoblot studies (Andrews et al., 
1984; Andrews, 1984; Lee and Andrews, 1986). This 
may be explained by the increased sensitivity of recent 
modifications of these methods or the use of more sen- 
sitive mAbs in the present study. Indeed, low levels of 
NF-L and NF-M mRNA have been noted in NT2/D1" 
cells by some investigators (Abraham et al., 1991; Miller 
et al., 1990). The implication of these data, that the 
NT2/Dt~ cells might resemble- neuronal progenitor 
cells, was supported by the detection of MAP2c mRNA 
(Fig. 3A) in NT2/D1" cells. MAP2c mRNA is an alter- 
natively spliced form of the larger MAP2b mRNA (Pa- 
pandrikopoulou et al., 1989), and the expression of 
MAP2c by embryonic cells is another early signal of 
commitment of neuroepithelial progeny to the neuronal 
lineage (Matus, 1988; Tucker, 1990). These observa- 
tions were confirmed by conducting similar experiments 
on additional samples of NT2/D1 cells and related sub- 
clones, NT2/B9 and NT2/D3 (Andrews et al. , 1984; An- 
drews, 1984), which we received fresh from Dr. P. An- 
drews. All of these cell lines also expressed the same 
markers detected in the NT2/D1 cells maintained in our 
laboratory. 

Using indirect immunofluorescence in double-la- 
beling studies, we showed that individual NT2/D1" cells 
coexpress nestin, vimentin, NF-L, a-intexnexin, NF-M, 
and keratins 8 and 18 (data not shown). In some of these 
cells, nestin and NF-M were grossly colocalized to the 
same filament network at the light microscopic level 
(Fig. 1C,D). We also noted that NF-M colocalized with 
NF-L, a-internexin, and vimentin (data not shown). This 
suggests that these proteins might coassemble into the 
same DPs. Other studies have noted the colocalization of 
neuronal IF proteins in the same network with vimentin 
in transfected nonneuronal cells (Chin and Liem, 1989; 
Monteiro and Cleveland, 1989; Pleasure et al., 1990). In 
the NT2/D1 cells, these different IF proteins were seen in 
a network of filaments in the perinuclear region that ra- 
diates into the cytoplasm and short processes of the NT2/ 
Dl " cells. In contrast, the keratin proteins were found in 
a different filamentous network suggesting that they do 
not coassemble with vimentin and the three neuron-spe- 
cific IF proteins. These observations are similar to those 
made in other cell lines in which keratin and vimentin 
exist in different IF networks (McCormick et al., 1991). 
Normal human fetal cells do not appear to coexpress 
nestin and NF proteins in the same structures (Tohyama 
et al., 1992), but coexpression does occur in fetal rat 
cells (Fredericksen and McKay, 1988). Furthermore, in 
the developing chick, NF proteins are widely expressed 



in ventricular neuroepithelial cells (Bennett and DiLullo, 
1985; Tapscott et al., 1981), and presumably these cells 
also express nestin. These findings suggest that the co- 
expression of nestin and NF proteins identifies embry- 
onic cells in the initial stages of their commitment to 
become neurons in nonprimates. Several human primi- 
tive neuroectodermal tumor cell lines have been ob- 
served to coexpress nestin, vimentin, and NF proteins 
(Tohyama et al. , 1992). These tumors may be comprised 
of neuronal progenitor cells that cannot exit the cell cycle 
and undergo terminal differentiation (Pleasure and Lee, 
unpublished observations). These cell lines express 
maricers oft neuronal committment and the stem celt state 
at the same time. NT2/D1 " cells may be similar in many 
ways to these human cell lines, except that at least some 
proportion of the cells are capable of leaving the cell 
cycle following treatment with RA. 

The prominent N-cadherin and NCAM immunore- 
activity at cell-cell junctions (Fig. 1F,G,H) and the cob- 
ble stone staining pattern produced by the anti-N-cad- 
herin mAb correspond to the normal localization of these 
proteins at c^ll-^l^ctions (Volk and Geiger, 1986). 
The focal NCA^s^ing pattern of the NT2/D1 " cells 
was not due to differential localization of the PSA forms 
of NCAM because antibodies against the PSA form and 
against the polypeptide backbone of NCAM showed 
identical distributions (Fig. 1G,H). 

Taken together, these data suggest that NT2/D1 
cells are a unique line of human neuroepithelial stem 
cells with a restricted ability to generate daughter cells 
committed to a neuronal phenotype. 

The Molecular Phenotype of NT2/D1" Cells Is 
Clearly Dissociated From That of NT2/N Cells 

To more sharply delineate the molecular phenotype 
of cycling neuronal progenitors, represented by NT2/ 
Dl " cells, we compared them to the terminally differ- 
entiated NT2-N fetal neurons derived from NT2/D1" 
cells following RA treatment. This was done by perform- 
ing western and northern blot analyses to monitor the 
expression of several molecular markers of neuronal dif- 
ferentiation in both NT2/D1~ cells and pure populations 
of NT2-N cells (Pleasure et al., 1992). Phase contrast 
photomicrographs of cells similar to those used for this 
analysis are presented in Figure 2. Figure 2 shows low 
power fields of NT2/D1" cells (Fig. 2A) and NT2-N 
cells (Fig. 2B) in >95% pure culture. NT2-N cell cul- 
tures appear similar to cultures of primary neurons. They 
extend numerous neuritic processes which cover the cul- 
ture dish and maintain this morphology for long periods 
of time without any cell division (Pleasure et al. , 1992). 
NT2-N cells also establish polarized processes which can 
be differentiated into axons or dendrites according to 
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Fig. 2. Phase contrast photomicrographs of NT2/D1" cells 
and NT2-N cells. (A) Low power field of NT2/D1*" cells; (B) 
low power field of NT2-N cells 4 weeks after purification; (C) 
a single NT2-N neuron with morphologically identifiable ax- 
ons (arrowheads) and dendrites (arrows). The bar is 200 jim 
when applied to A and B and is 33 u,m when applied to C. 



morphologic or molecular criteria (Fig. 2C; Pleasure et 
al, 1992). Immunoblots conducted on NT2/D1" cell 
homogenates with the anti-nestin antiserum labeled a 
band >200 kDa consistent with the MW of human nestin 



(Tohyama et al., 1992), but this band was absent in 
extracts from pure cultures of NT2-N cells (Fig. 3B). 
Although a cDNA probe for nestin was unavailable, the 
polymerase chain reaction using RNA from NT2/D1~ 
cells and NT2-N cells confirmed the presence of Nestin 
mRNA in NT2/D1~ cells and its absence in NT2-N cells 
(data not shown). NF-L, NF-M, and ot-internexin protein 
were all detected in immunoblots of cytoskeletal extracts 
from NT2/Dl-cells (Fig. 3B) but they were less abundant 
than in similar extracts from the NT2-N cells. The 
NT2-N cells also containeck more -abundant NF-L ano% 
NF-M mRNAs than the NT2/D1 ~ cells (Fig. 3A and data 
not shown). Probing the same northern blot with a probe 
for actin showed that the RNA loaded in each lane was 
approximately equal. MAP lb protein was far more abun- 
dant in the NT2-N cells than the NT2/D1" cells (Fig. 
3B) but MAPlb mRNA levels were only mildly in- 
creased in NT2-N cells compared with NT2/D1" cells 
(Fig. 3A). It is apparent from examining both the north- 
ern and western blots that the increase in MAPlb protein 
during the differentiation of NT2-N cells from NT2/D1" 
cells far outweighs the moderate increase in the mRNA 
levels. This implies that MAPlb expression is at least 
partially regulated by translational control mechanisms. 

In contrast, MAP2 expression was regulated by a 
different mechanism. For example, a probe from the 3' 
end of the coding region of the MAP2 cDNA showed a 
single band at approximately 6.5 kb in the NT2/D1" 
cells while the same band was present in NT2-N cells 
(albeit at a much increased level) in addition to another 
band at about 9.0 kb. These two bands probably corre- 
spond to the previously described alternately spliced 
forms of MAP2, known as MAP2c and MAP2b (Papan- 
drikopoulou et al. , 1989). We confirmed this observation 
by probing the same northern blot using a probe prepared 
from the central region of the MAP2 cDNA which en- 
codes the region spliced out of the MAP2c mRNA. In _ 

this experiment, there was no hybridizing band in the 
lane containing the NT2/D1" RNA, but the NT2-N cells 
only contained the 9.0-kb band. These results were con- 
firmed at the protein level by immunoblotting with anti- 
MAP2 mAbs (Fig. 3B). In NT2/D1" cells no MAP2b 
(Fig. 3B) or MAP2c (not shown) protein was detectable, 
while in NT2-N cells both of these proteins were abun- 
dant (Fig. 3B and data not shown). This implies that 
NT2/D1" cells lack MAP2b, a marker of more mature 
neurons. Furthermore, they imply the existence of dif- 
ferential splicing events that are normally regulated in a 
developmental fashion which also can be regulated by 
RA induced terminal differentiation in NT2/D1 cells. 
Interestingly, our laboratory has found (Wertkin et al., 
submitted) that the 0-amyloid precursor protein mRNA 
also is differentially spliced in RA treated NT2/D1 cells. 
These data support the notion that neurons have a distinct 
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pattern of differential splicing for a wide variety of gene 
products (discussed in Li et al., 1989). 

Based on the data described above, we conclude 
that the NT2/D1" cells express neuroepithelial markers 
and some of the earliest neuronal markers, but they do 
not express the full repertoire of markers found in dif- 
ferentiated neurons (such as MAP2b>. NT2/D1" cells 
also do not express the high MW neuronal IF protein 
NF-H (not shown) which is normally expressed later in 
the developing CNS as well as in the terminally differ- 
entiated NT2 : N cells (Garden et al., 1987; Julien et ah, 
W8ff; Pleasure ef ah, 1992; ¥6hyamae*.al:, 1991).KE2/. 
Dl " cells also do not express two other MAPs normally 
found later in development (Matus, 1988), MAPla (data 



Fig. 3. Molecular phenotype of NT2/D1" and NT2-N cells. 
(A) Northern blots examining the relative expression of a num- 
ber of cytoskeletal mRNAs. The same blot, loaded with 2.5 jig 
of poly(A) + RNA per lane, was used for all the probes. The 
individual probes used for each panel are described in Materi- 
als and Methods. Lanes marked 44 contain RNA from NT2/ 
Dl" cells and lanes marked *'N" contain RNA from NT2-N 
cells. The numbers to the right of each panel indicate RNA size 
markers in kb. The blots were exposed to X-ray film for vary- 
ing times (NF-L = 3d; MAPlb = 10d; tau = 5d; MAP2b/c 
= Id; MAPlb = 5d; ACT = Id). (IB) Western blots exam- 
ining the expression of a number of cytoskeletal proteins. Each 
gel replica was probed with antibodies as described in Mate- 
rials and Methods. Lames a (near term human fetal cerebellum 
extract), b and c (100 and 25 fig of cytoskeletal extract from 
NT2/D1" cells, respectively) and d (25 jxg of cytoskeletal 
extract from NT2-N cells) were probed with RM0254, an 
NF-M mAb. Lames e (near term human fetal cerebellum ex- 
tract), If, and g (100 and 25 \Lg of cytoskeletal extract from 
NT2/D1" cells, respectively), and fa (25 y,g of cytoskeletal 
extract from NT2-N cells) were probed with anti-NF66, an 
antiserum against a-internexin. Lames 5 and j (350 and 50 jJLg 
of total extract from NT2/D1" cells, respectively) and Ik and S 
(50 and 150 \ig of total extract from NT2-N cells, respectively) 
were probed with 350H11, an anti-keratin 8 mAb. Lames m 
(£. coli rat nestin fusion protein used, as a positive control), mi 
and o (100 and 25 jig of cytoskeletal extract from NT2/D1" 
cells, respectively), and p and q (25 and 100 fig of cytoskeletal 
extract from NT2-N cells, respectively) were probed with 
NS129, an anti-nestin antiserum. Lannes r (adult human tau) 
and s and t (50 fig of cytoskeletal extract from NT2/D1" cells 
and NT2-N cells, respectively) were probed with T14, a tau 
mAb. Lajrnes on (bovine MAPs) and v and w (50 {xg of cy- 
toskeletal extract from NT2/D1" cells and NT2-N cells, re- 
spectively) were probed with 1WM3G5, an MAPlb mAb. 
Lames s (bovine MAPs) and y and 2 (50 of cytoskeletal 
extract from NT2/D1" cells and NT2-N cells, respectively) 
were probed with AP14, an MAP2 mAb. The panels labeled 
NF-M, 66K, and KER8 are all 10% SDS-PAGE gels. NEST is 
a 6% SDS-PAGE gel: tau is a 7.5% SDS-PAGE gel. MAPlb 
and MAP2 are 4-8%.gradient SDS-PAGE gels. 



not shown) and tau (Fig. 3A,B). Likewise, NT2/D1~ 
cells do not exhibit the ultimate neurotransmitter pheno- 
type of the NT2-N cells (Kleppner et al., 1991). Thus, 
the NT2/D1" cells exhibit a molecular phenotype dis- 
tinct from that found in embryonic or mature neurons and 
we speculate that this phenotype might resemble that of 
a transient developmental population of just committed 
neuronal precursor cells. 

FoldDWDBg RA IVcattnmein* OT2/M CellEs Teraniimsilllly 
DMffeireE&te Ipato NeEroims 

Treatment frith- ultimately resulted the pro- 
duction of terminally differentiated NT2-N cells which 
are postmitotic and express virtually all the markers of 
neurons. Since recent studies have described the molec- 
ular program which accompanies the differentiation of 
neuroepithelial cells into neurons and glial cells in the 
human CNS (Tohyama et al. , 1991 , 1992) we decided to 
compare the changes in NT2/D1 cell phenotype follow- 
ing RA treatment with the in vivo maturation of spinal 
cord neurons. Three days after treatment with RA, 
patches of cells (5-20) expressed markedly higher 
amounts of NF-L, NF-M, and a-internexin (Fig. 4a,b). 
Also, in the same patches of cells, highly phosphorylated 
(P+ + +) NF-M was expressed (Fig. 4d; and data not 
shown). Thus, within 3 days of RA treatment, the 
NT2/D1 cells showed (1) increased amounts of several 
neuronal IF proteins and (2) increased phosphorylation 
of NF-M. The patches of cells that showed increased 
NF-M expression had prominent perinuclear accumula- 
tions of NF-M as well as nestin (compare Fig. 4a,b). 
These perinuclear accumulations which contained NF-M 
and nestin (and also NF-L, a-internexin, and vimentin, 
data not shown) did not contain keratins 8 and 18 (Fig. 
4c, d). This is further evidence that nestin coassembles 
into the same filamentous structures as vimentin and the 
NF proteins but not with the keratins. At 7 days the 
pattern was qualitatively similar but many more cells 
showed prominent NF-M, nestin and MAPlb staining 
(Fig. 5a,b,c). 

During the first 10-14 days of RA treatment, the 
simple epithelial morphology of the cultures persisted 
despite the changes in NF and MAPlb expression. How- 
ever, at around 14 days global changes in the overall 
architecture of the cultures became apparent. At this and 
later time points there remained a layer of flat epithelioid 
cells which continued to stain for nestin, keratin and 
vimentin and these cells appeared similar to the original 
untreated NT2/B1~ cells. However, other cells began to 
pile up and form a second layer which was qualitatively 
different than the cells in the lower layer. For example, 
these cells extended long cytoplasmic processes from 
slightly rounded cell bodies (Fig. 6). Unlike the cells in 
the lower layer, the superficial cells no longer stained 
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Fig. 4. NT2/D1 cells following three days of RA treat- 
ment: (a) rabbit antiserum to nestin and (b) the same field 
of cells stained with RM0254, a P(I) NF-M mAb; (c) Cam5.2 




an mAb against keratins 8 and 18 and (d) the same field of 
cells with H014, a rat P(+ + + ) NF-M mAb. The bar is 50 
Jim. 



with Abs to nestin, keratin, or vimentin (Fig. 6a,b) but 
continued to express P + + + NF-M and the other neu- 
ronal IF proteins (Fig. 6c,d and Fig. 7a). These cells also 
expressed MAP2b (Fig. 7b) but still did not express tau 
or NF-H (data not shown). 

The multilamination of these cultures was even 
more apparent by 3 to 4 weeks of RA treatment because 
of the extensive process outgrowth from the cells in the 
upper layers. Phase contrast microscopy of these cultures 
showed a dense multilayered mat of cells and immuno- 
fluorescence studies using anti-NF-M mAbs revealed a 
dense network of processes emanating from clumps of 
superficial cells (Fig. 6c,d and 7c). These cells and some 
of their processes stained intensely with MAP2b mAbs 
(Fig. 7d) and they exhibited the typical appearance of 
neurons in culture, i.e., rounded cell bodies and long 



processes. In another study, we showed that NT2-N cells 
elaborate polarized neurites which are distinguishable 
into axonal and somatodendritic domains by their ex- 
pression of P( + + + ) NF-M (axons) or MAP2b (soma 
and dendrites) (Pleasure et ah, 1992). This polarized 
morphology begins to become evident after 3-4 weeks 
of RA treatment (see arrows in Fig. 7c,d). Consistent 
with their identity as terminally differentiated neurons, 
the superficial cells also expressed tau and NF-H after 
three weeks of RA treatment (Fig. 7e,f,g,h, Fig. 8 and 
data not shown). Tau and NF-H appear relatively late 
during neurogenesis in the human spinal cord (Tohyama 
et al., 1991). The superficial cells in the upper layers of 
these mixed cultures appeared to be identical to the 
NT2-N cells grown in pure cultures (Pleasure et al., 
1992). 
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Fig. 5. NT2/D1 cells following seven days of RA treatment; 
(a) RM0254, a P(I) NF-M mAb and (b) the same field of cells 
with rabbit antiserum to nestin; (c) 1WM3G5, an MAPlb 
mAb. The bar is 50 fim. 



A schematic illustration (Fig. 8) summarizes the 
immunocytochemical data described above. This figure 
shows the changes that occurred during RA treatment 



and applies to the most differentiated cells in the cultures 
at each time point. At each time point, the deepest layers 
in these cultures contained cells identical to the untreated 
NT2/D1" cells. This figure highlights three major mo- 
lecular milestones in the RA induced neuronal differen- 
tiation of NT2/D1 cells which are shown explicitly in 
Figure 8B. First, after three days of RA treatment stain- 
ing for neuronal IF proteins increased in intensity and 
P( '+ + + ) NF-M appeared. Second, after about 2 weeks 
of RA treatment, nestin staining was extinguished and 
MAP2 staining appeared for- the first time in the devel- 
oping neurons". Third, NF-H and tau (the quintessential^ 
markers of the terminal differentiation of neurons in 
vivo) appeared for the first time in cells treated for 3 
weeks with RA. 

DISCUSSION 

NT2/D1 cells were derived initially by injecting the 
Tera 2 polyclonal cell line into nude mice and then clon- 
ing the resultant tumors (Andrews et al., 1984). This 
yielded a number of clonal cell lines three of which 
(NT2/D1, NT2/D3, and NT2/B9) have been character- 
ized and shown to share a number of related character- 
istics (Andrews et al., 1984; Andrews, 1984). Several 
studies have examined the capacity of these cells to dif- 
ferentiate following treatment with RA (reviewed in 
Pleasure et al., 1992). Because neurons are the only 
differentiated cell type ever induced by RA treatment, 
we reasoned that NT2/D1 (and the other two clones) 
might represent neuronal progenitor cell lines. We ad- 
dressed this issue in this study by examining the expres- 
sion of various markers of neuroepithelial stem cells, 
neurons and glia in NT2/D1 cells. 

The NT2/D1 cells were derived from a human ter- 
atocarcinoma; such tumors often contain differentiated 
neural elements including neurons and glial cells 
(Blaustein, 1977). Also, teratocarcinomas showing pre- 
dominantly CNS neuroepithelial differentiation have 
been recognized as a genetic syndrome in mice (Cac- 
camo et al., 1989a,b). Thus, the NT2/D1 cells (along 
with NT2/D3 and NT2/B9) may represent a clonal sub- 
population of the original teratocarcinoma tumor that re- 
semble immortalized neuronal precursor cells. This 
would explain the expression of NF proteins and MAP2c 
in these cells and the exclusive production of neurons 
following RA treatment. Notably, NT2/D1 cells also ex- 
press cytokeratins 8 and 18, which is atypical of the 
human CNS neuroepithelium (Tohyama et al., 1991). 
However, these simple epithelial keratins are expressed 
in many carcinoma cell lines with an epithelial morphol- 
ogy (Miettinen et al. , 1984) and may thus be a manifes- 
tation of the abnormal origin of these cells. 

Since the untreated NT2/D1 cells have a phenotype 
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Fig. 6. NT2/D1 cells at the later stages of RA induced differ- 
entiation, (a) RM0254, a P(I) NF-M mAb and (b) the same 
field of cells with rabbit antiserum to nestin after 3 weeks of 
RA treatment; (c) RM0254, a P(I) NF-M mAb and (d) the 



same field of cells with rabbit anti-a-internexin after 4 weeks 
of RA treatment. The arrows indicate processes strongly 
stained with RM0254 but unstained with the nestin antiserum. 
The bar is 50 u,m. 



resembling in some ways committed neuronal precursor 
cells and RA treatment induces the progeny of NT2/D1 
cells to adopt a stable neuronal phenotype reminiscent of 
human fetal CNS neurons (Pleasure et al., 1992), we 
sought to determine if RA-treated NT2/D1 cells pro- 
gressed through a series of maturational steps similar to 
those observed recently in vivo in developing human 
spinal cord neurons (Tohyama et al., 1991, 1992). Re- 
markably, as summarized in the schematic shown in Fig- 
ure 8, RA induced the sequential appearance or extinc- 
tion of a number of neural markers in a programmatic 
manner that appeared to recapitulate maturational events 
in developing human spinal cord neurons. 

Indeed, the fully mature neurons isolated from RA- 
treated NT2/D1 cells share many characteristics with 
normal neurons isolated from experimental animals 
(Pleasure et al., 1992). They do not divide, they main- 
tain a stable neuronal phenotype over long periods of 
time, and are indistinguishable from terminally differen- 



tiated postmitotic neurons. This mode of differentiation 
is likely to be possible only in a stem cell tumor line, i.e., 
one in which a small number of the cells are responsible 
for the continued growth of the tumor while the majority 



Fig. 7. Induction and accumulation of MAP2b and tau in RA- 
treated NT2/D1 cells, (a) and (b) NT2/D1 cells following 2 
weeks of RA treatment stained with (a) H014, a rat P( + + + ) 
NF-M mAb and (b) AP14, a mouse MAP2 mAb which does 
not react with MAP2c. The arrow indicates a cell positively 
stained with AP14. (c) and (d) show cells following 4 weeks of 
RA treatment stained with the same mAbs. The arrows indicate 
a cell more strongly stained with AP14 than HO 14 and there 
are numerous processes stained with H014 only, (e) and (f) 
NT2/D1 cells following 3 weeks of RA treatment stained with 
(e) rabbit anti-NF-L and (f) T14, a mouse mAb against tau. (g) 
and (h) show cells following 4 weeks of RA treatment stained 
with the same mAbs. The bar is 50 \im. 
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A. RA Treatment Induces Dramatic Changes in the Expression of Several Cytoskeletal Proteins. 
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B. Following RA Treatment NT2/D1 Cells Pass Through a Number of Intermediate States 



NT2/D1- 



3d RA 



14dRA 



NT2-N ceUs 




NF-M(P+++) + 



nestin + 
NF66 + 
NF-L + 
NF-M + 
MAP2c + 
N-Cadherin + 
PSANCAM + 
MAPlb + 
keratin + 



Fig. 8. (A) RA treatment induces dramatic changes in the 
expression of several cytoskeletal proteins. Summary of the 
changes in marker protein expression during the initial 4 weeks 
of RA treatment. Each of these markers was examined at the 
various time points by indirect immunofluorescence except for 
MAP2c where the increase was inferred from northern and 
western blots. The size of each bar does not indicate any rel- 



nestin- 
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MAP2b + 




ative differences between the expression of different cytoskel- 
etal proteins. (B) Following RA treatment NT2/D1 cells pass 
through a number of intermediate states. The four distinct 
stages which NT2/D1 cells pass through during RA induced 
differentiation. At each time point global changes in the ex- 
pression of several relevant markers are denoted by + or 
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\ of the cells (which make up the bulk of the tumor) are 
j differentiated derivatives (Lajtha, 1983). In stem cell tu- 
j| mors, the primary neoplastic event may be abnormal 
| persistence of a dividing stem cell phenotype in the face 
] of normal regulating signals rather than, as in many other 
- types of tumors, an event which causes quiescent cells to 
] reenter the cell cycle (Lajtha, 1983). This type of muta- 
! tion has been characterized in some stem cell leukemias 
i which harbor a translocation mutation in a retinoic acid 
| receptor (de The et al., 1991; Kakizuka et al., 1991). 

Addition* o& retinoid aeickto thes^.eells of treatment of 
j patients harboring these tumors with retinoids causes 
i these cells to terminally differentiate and the patients to 
I enter a long-term state of remission (Warrell et al., 
I 1991). Thus, this mutation alters the response of the 
I tumor cells to a normal regulatory signal. While the 
| mechanisms leading, to the appearance of teratocarcino- 
! mas are enigmatic, the NT2/D1 cells appear to represent 
1 a population of early embryonic cells that has made the 
I commitment to become neurons while retaining the ca- 
pacity for cell division. The unlimited mitotic potential 
of NT2/D1 cells is likely to be a result of their transfor- 
mation, but their ability to generate neuronal progeny 
i appears to reflect a normal activity of neuronal progen- 
4 itor cells in vivo. 

] Recent studies have shown that RA plays a major 

j role during neuronal differentiation and specification. 
I The region known as the floor plate, found ventrally in 
I the developing spinal cord, has been shown to be capable 
| of synthesizing RA (Wagner et al., 1990). Furthermore, 
1 cells in the developing spinal cord express nuclear recep- 

i° tors for RA, the cellular RA binding protein (CRABP) 
and the cellular retinbl binding protein (CRBP) (Dencker 
etal., 1990;Madenet al., 1990, 1991). Thus, a potential 
1 source of RA and the mechanisms whereby cells can 
i respond to RA are both present during CNS develop- 
"i~ "ment. RA's teratogenic effects on the neural crest have 
J been known for many years (Lammer et al., 1985), but 
J recently it was shown that RA has pronounced effects on 
j the development of the CNS if applied in pharmacologic 
I doses during development. In RA treated xenopus em- 
I bryos the rostral portion of the CNS (telencephalon, me- 
| tencephalon, and myelencephalon) adopted a phenotype 

I similar to that of more caudal regions of the CNS (the 
hindbrain and spinal cord) (Durston et al., 1989). De- 
tailed analysis of this phenomenon showed that it was 
mediated by changes in the ultimate fate of more ros- 
trally located neuronal cell types to resemble neuronal 
cell types found in caudal regions of the CNS (Ruiz i 
j Altaba and Jessell, 1991). RA treatment of mouse em- 
bryos causes specific segmentation defects in the CNS 
and vertebrae along with altered patterns of Hox gene 

3 expression (Kessel and Grass, 1991 ; Morriss-Kay et al. , 
1991). Thus, the effects of RA during CNS development 



emphasize a role for RA during important developmental 
periods when cell type and regional identity are speci- 
fied. 

This study describes a human cell line, derived 
from a human embryonal germ cell tumor, which dis- 
plays properties expected of a human neuronal precursor 
cell line. While this cell line has an abnormal capacity for 
unlimited cell division, it retains the ability to respond to 
RA, an inducer likely to be important in the development 
of the human nervous system. Indeed, in response to RA 
some of the cells undergo irreversible differentiation into 
celfe closely resembling neurons reflecting the develop- 
ment of neurons in vivo. Whether a population of cells 
similar to NT2/D1" cells exists in a stable form in the 
developing human CNS is unknown; it is possible that 
NT2/D1" cells resemble a transient phenotype among 
cells differentiating into neurons which has been immor- 
talized by some as yet unknown insult. Many issues re- 
garding this process in this cell line are yet to be under- 
stood. For instance, the fact that, despite the cell line's 
clonal origin, all the cells do not undergo synchronous 
differentiation may imply that some form of feedback 
inhibition on the differentiation process is likely to be 
operative, perhaps similar to that which probably occurs 
within clonal units developing in the neural tube (Rakic, 
1988; McConnell, 1991). Nevertheless, the phenotype 
and characteristics of this cell line will make it valuable 
to investigators interested in studying RA's effects at the 
cellular and molecular level in the nervous system and 
others interested in studying and manipulating the devel- 
opment of neuronal precursor cells in vitro. 
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also evidence an exclusive commitment to a neuronal 
phenotype. 

MATERIALS AM) METHODS 
Cell Craltaire 

NT2/D1 cells were cultured essentially as de- 
scribed previously (Andrews et al., 1984; Andrews, 
1984; Pleasure, et al., 1992). NT2/D1 cells were pas- 
saged 1:3 twice per week in Opti-MEM with 5% FBS 
and penicillin/streptomycin. For experiments examining 
the consequences of RA treatment, NT2/D1- cells were 
seeded on coverslips (1 x 10 5 cells/well on a 24-well 
plate) and treated with 10 \iM RA. For experiments re- 
quiring pure cultures of NT2-N cells, the cells were 
treated as described previously (Pleasure et al., 1992). 
Briefly, 2 x 10 6 cells were seeded in a 75-cm 2 flask and 
treated with 10 \iM RA twice per week for 4 weeks. 
^ia^g^A treatment the cells were replated at a re- 
"^cS^hsity ; TTfie following 2 days the cells were man- 
ually dislodged, counted and replated on Matrigel in me- 
dium containing mitotic inhibitors. RA was freshly 
prepared as a 10 mM stock solution in DMSO monthly. 
For experiments examining other NT2 subclones, freshly 
reconstituted NT2/B9 and NT2/D3 cells were kindly pro- 
vided by Dr. Peter Andrews. These cells were immedi- 
ately placed on coverslips and examined by indirect im- 
munofluorescence. In this study we used 10 \xM RA to 
induce differentiation in NT2/D1" cells. This concentra- 
tion is surely superphysiologic, however, it was chosen 
for maximal effect; substantially similar qualitative ef- 
fects occur at concentrations as low as 10 nM RA in these 
cells (Pleasure, et al., 1992). 



The antibodies used for these experiments were ei- 
ther from our laboratory, provided by our colleagues, or 
purchased from a vendor. These included (1) rabbit anti- 
NF-L (Trojanowski et al., 1989a), (2) anti-NF-M and 
anti-NF-H mAbs (their names and characterizations are 
described in the text and the figure legends) (Lee et al., 
1987), (3) rabbit anti-NF66 (NF66 and a-internexin are 
identical proteins) (Chiu et al., 1989), (4) rabbit anti- 
vimentin (Pleasure et al., 1990), (5) Cam 5.2, a mAb 
which sees keratins 8 and 18 (Becton Dickinson), and 
350H11, an anti-keratin 8 mAb (provided by Dr. Alan 
Gown), (6) AA6, an MAPlb mAb (Sigma) and 
1WM3G5, another MPAlb mAb (Binder et al., unpub- 
lished), (7) T14, a tau mAb (Trojanowski et al., 1989b), 
(8) rabbit anti-NCAM and MenB, an mAb specific for 
PSA NCAM (Boisseau et al., 1991), (9) Mocl, another 
NCAM mAb (Molenaar et al., 1992), (10) GC4, an anti- 
N-cadherin mAb (Sigma), (11) AP14, an MAP2 mAb 
which does not see MAP2c (Geisert et al., 1990) and 



T34 an MAP2 mAb which binds MAP2b and c (Lee et 
al., unpublished), and (12) NS129, a rabbit antiserum 
raised to rat nestin expressed in E. coli (Tohyama et al., 
1992). 

Each NF-M and NF-H mAb is classified as de- 
scribed previously (Lee et al., 1987). Briefly, P(I) mAbs 
are those which react with their antigen regardless of 
phosphorylation state, P(-) mAbs are those which react 
with hypophosphorylated forms of NF-M or NF-H, and 
P( + ) to P(+ + +) mAbs are those which react with 
increasingly highly phosphorylated forms of NF-M or 
NF-H. 

Kin]Mmiiiiiffi<n£ 

Cells were washed with Opti-MEM without serum 
and fixed with 70% ethanol containing 0. 15 M NaCl for 
10 min at room temperature. The coverslips were over- 
layed with primary antibodies for 1 hr at room temper- 
ature and then washed four times with PBS for 1 hr. The 
coverslips were then overlayed with secondary antibod- 
ies for 1 hr at room temperature (donkey anti-mouse IgG 
coupled to Texas Red or TRITC, donkey anti-rat coupled 
to FITC, and donkey anti-rabbit coupled to FITC; Jack- 
son Immunoresearch) and then washed four times in PBS 
for 1 hr before mounting in Aquamount (Lemer Labs). 

taunaiiMOclheiniiiistti^ 

For experiments examining cytoskeletal proteins 
by western blotting, MAP-enriched cytoskeletal samples 
were prepared by extracting the cells with microtubule 
assembly buffer containing taxol and Triton X-100 (0.1 
M MES pH 6.8 containing 0.5 mM MgS0 4 , 1 mM 
EGTA, 2 mM DTT, 2 mM GTP, 20 \lM Taxol, 1% 
Triton X-100, and a cocktail of protease inhibitors) and 
centrifiiging the samples at 30,000 rpm in a TL100 ul- 
tracentrifiige for 30 min. The pellets were solubilized in 
sample buffer without dye. For experiments examining 
cell adhesion proteins, total extracts were prepared by 
dissolving cells in sample buffer and boiling them for 15 
min. The protein concentrations of the samples were de- 
termined using a Coomassie blue dye binding assay 
(Pierce). These samples were electrophoresed on SDS- 
PAGE gels and then electroblotted to nitrocellulose 
membranes for probing with antibodies using methods 
described previously in our laboratory (Lee et al., 1987). 



Poly(A)RNA was prepared using a Micro Fast- 
Track kit (Invitrogen) according to the manufacturers in- 
structions. RNA was separated on agarose/formaldehyde 
gels, blotted by capillary action to nylon membranes and 
crosslinked using a UV crosslinker. Northern blots were 
prehybridized and hybridized using Quikhyb solution ac- 
cording to the manufacturers instructions (Stratagene) 
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and probes were labeled by random priming (Prime-a- 
gene, Stratagene) using [a- 32 P]DCTP as the labeled nu- 
cleotide. Blots were washed with 2 x SSC + 0. 1% SDS 
twice for 15 min at room temperature and then twice for 
15 min at 55-60°C in 0.2 x SSC + 0.1% SDS. 

cDNA Probes 

NF-L: The 1.3-kb EcoBI fragment was purified 
from plasmid NF5.1 (Myers et al., 1987). 

NF-M: The 0.9-kb EcoRl fragment was purified 
from plasmid NF4 (Myers et al. , 1987) or the 0.6-kb StuI 
fragment was purified from plasmid pTZNF-M (Myers et 
al., 1987). 

MAPlb: The 0.8-kb EcoRl fragment was purified 
from plasmid pSVMAPlb (Noble et al., 1989). 

MAP2: The 1.3-kb Xhol EcoRl fragment was pu- 
rified from plasmid pSVMAP2 (Lewis et al., 1988). The 
fragment is fromjfefc region encoding the COOH-termi- 
nal portion of MAP2 which is shared by MAP2b and 
MAP2c (Papandrikopoulou et al., 1989). The 1.3-kb 
BgltL fragment was purified from plasmid pSVMAP2. 
This fragment is from the central region of the cDNA and 
corresponds to a region not found in MAP2c (Papan- 
drikopoulou et al., 1989). 

tau: The 0.8-kb Bgll fragment was purified from 
plasmid pTau43 (Goedert et al., 1989). 

RESULTS 

Untreated NT2/D1 Cells Express Neuroepithelial 
and Neuroblast Markers 

Previous characterization of NT2/D1 " cells (in this 
paper, the untreated NT2/D1 cells are referred to as NT2/ 
Dl~ cells) did not exhibit evidence of a differentiated 
phenotype. However, RA stimulates the production of 
differentiated daughter cells which resemble neurons 
(Andrews, 1984). While these neurons (which we term 
NT2-N cells) represented a minority of the total popula- 
tion of cells, NT2/D1 cells have not been shown to be 
capable of assuming a molecular phenotype consistent 
with any defined cell type other than neurons (Andrews 
et al., 1984; Andrews, 1984; Lee and Andrews, 1986; 
Pleasure et al., 1992). Here, we sought to examine the 
phenotype of NT2/D1 cells before treatment. Also, we 
wished to assess the extent to which RA treatment in- 
duced the progeny of NT2/D1 cells to express a well- 
defined group of polypeptides that define die molecular 
phenotype of neurons and that reflect the maturational 
state of cells during the development of cells of the neu- 
ronal lineage. 

Nestin, a recently described intermediate filament 
(IF) protein is largely confined to neuroepithelial stem 
cells that coexpress vimentin, another IF protein (Fred- 
ericksen and McKay, 1988; Lendahl et al., 1990; Tap- 



scottetal., 1981; Tohyama etal., 1992). Similar to these 
stem cells, NT2/D1 ~ cells expressed abundant nestin and 
vimentin. Both proteins were readily detected in immu- 
noflurescence and immunoblotting experiments (see Fig. 
1C and Fig. 3 for nestin and not shown for vimentin). 
Indirect immunofluorescence and northern blotting anal- 
ysis of the NT2/D1 cells revealed the presence of 
MAPlb protein and mRNA, another molecular marker 
of neuroepithelial stem cells (Fig. IE and Fig. 3). 
MAPlb (or MAPS) is a developmentally regulated high 
molecular weight (>280 kDa) microtubule-associated 
protein (MAP) (for recent reviews of CNS MAPs, see 
Matus, 1988; Tucker, 1990) that is expressed in human 
germinal neuroepithelium (Tohyama et al., 1991). Fur- 
thermore, NT2/D1"" cells also expressed polysialated 
(PSA) NCAM and N-cadherin on their cell surface (Figs. 
1F,G,H). The relative abundance of these two cell ad- 
hesion proteins correlates inversely with the maturational 
state of neural cells in other systems and both appear 
very early in the neuroepithelium of the developing CNS 
(Chuong and Edelman, 1984; Duband et al., 1988; Hatta 
et al., 1987). 

The first polypeptides to signal the commitment of 
cells to a neuronal phenotype are the middle molecular 
weight neurofilament (NF) protein, NF-M; and the two 
low molecular weight neurofilanent proteins, NF-L and 
a-internexin, although there are differences in the timing 
and sequence of their induction in telencephalic versus 
spinal cord neurons (Garden et al., 1987; Chiu et al., 
1989; Fliegner et al. , 1990; Mien et al. , 1986; Kaplan et 
al., 1990; Tohyama et al., 1991). Notably, the progres- 
sive phosphorylation of NF-M reflects the increasing 
maturation of embryonic neurons and this developmen- 
tally regulated posttranslational modification of NF-M 
can be monitored closely using mAbs that recognize a 
cluster of phosphate-dpendent epitopes concentrated in 
the tail domain of this NF subunit (Carden et al., 1987; 
Tohyama et al., 1991). Since these neuron-specific IF 
proteins appear to signify the restriction of neuroepithe- 
lial derivatives to the neuronal lineage well before such 
cells acquire the distinct morphology of neurons, it was 
significant that NT2/D1~ cells expressed low levels of 
NF-L (Fig. 3A), a-internexin (Fig. 1A and Fig. 3B), and 



Fig. 1 . Indirect immunofluorescent analysis of NT2/D1 *" cells 
shows that they express neuroepithelial and some neuronal 
markers: (A) rabbit antiserum to a-internexin and (B) the same 
field of cells with no primary antibody; (C) rabbit antiserum to 
nestin and (D) the same field of cells with RM0254, a P(I) 
NF-M mAb; (E) AA6, a MAPlb mAb; (F) GC4, an N-cad- 
herin mAb; (G) MenB, a PSA NCAM mAb; (H) Mocl, and 
NCAM mAb. The arrows in F indicate cell-cell borders 
stained with GC4. The bar is 50 jim. 
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